The fields of mass spectrometry (MS) and stem cell biology have expanded greatly in the past twenty years. Taken alone, these fields occupy entirely different branches of science; however, the points where they overlap provide valuable insight, both in the biological and technical arenas. From a biological perspective, MS-based proteomics offers the capacity to follow post-transcriptional regulation and signaling that are (1) fundamental to pluripotency and differentiation, (2) largely beyond the reach of genomic technologies, and (3) otherwise difficult or impossible to examine on a large scale. At the same time, addressing questions fundamental to stem cell biology has compelled proteomic researchers to pursue more sensitive and creative ways to probe the proteome, both in a targeted and high-throughput manner. Here, we highlight experiments that straddle proteomics and stem cell biology, with an emphasis on studies that apply mass spectrometry to dissect pluripotency and differentiation.
Introduction
Pluripotent stem cells are endowed with the extraordinary capacity to differentiate into all three germ layers that constitute the adult body ( Figure 1A ) (Bradley et al., 1984; Nagy et al., 1990; Thomson et al., 1998; Takahashi and Yamanaka, 2006; Takahashi et al., 2007; Yu et al., 2007) . This characteristic, together with the ability to self-renew indefinitely, makes pluripotent cells an ideal model for studying early development. Further, as we learn more about how pluripotent cells mature into various specialized tissues, we move closer to making regenerative therapies a reality. Hanna et al. demonstrated this potential using induced pluripotent stem (iPS) cells from a humanized sickle cell anemia mouse model (Hanna et al., 2007) . In this study, iPS cells bearing the disease-causing mutation were genetically corrected, differentiated in vitro into hematopoietic progenitors, and reintroduced into irradiated mice. Remarkably, these mice exhibited virtually no pathological remnants of the disease. Significant efforts have also been made toward regenerative therapies for spinal cord injuries and retinal degenerative disease, illustrating the great promise that pluripotent cells hold for both fundamental science and medicine (McDonald et al., 1999; Liu et al., 2000; Keirstead et al., 2005; Howden et al., 2011) .
Given this promise, enormous effort has been devoted to understanding cell potency, self-renewal, and differentiation. In pluripotent cells these processes are anchored by core transcription factors, OCT4, SOX2, and NANOG (Scholer et al., 1990; Chambers et al., 2003; Mitsui et al., 2003; Masui et al., 2007; Pan and Thomson, 2007; Takahashi et al., 2007; Yu et al., 2007; Kim et al., 2008; Yu et al., 2009) . Expression of OCT4 and NANOG is primarily restricted to pluripotent cell types, while SOX2 is also expressed in some neural lineages (Rosner et al., 1990; Kamachi et al., 2000; Chambers et al., 2003; Mitsui et al., 2003) . Knockdown of any of these factors in pluripotent cells promotes differentiation (Ivanova et al., 2006) ; however, it was recently shown that Nanog Pluripotency is maintained by a complex transcriptional network anchored by OCT4, SOX2, and NANOG. These genes activate transcription from the promoters of genes responsible for sustaining pluripotency, while repressing genes involved in development. This network is densely interconnected and forms numerous feedback loops, illustrating the importance of tight regulation in this system. Green arrows represent transcriptional activation, while red symbols represent transcriptional repression. Thus, the function of these proteins is complex and dose dependent.
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Mechanistically, OCT4, SOX2, and NANOG function as part of an intricate regulatory network (Boyer et al., 2005) . Detailing this network and its dynamics during differentiation has been the aim of numerous studies and to this end, transcriptomic and genomic methods have been applied with great effect (Boyer et al., 2005; Kim et al., 2008; Chin et al., 2009; Yu et al., 2011) reviewed in (Brien and Bracken, 2009; Do and Scholer, 2009; Hochedlinger and Plath, 2009; Young, 2011) ). It is now clear that OCT4, SOX2, and NANOG bind and activate transcription from the promoters of genes important for pluripotency, while repressing developmental genes ( Figure 1B) (Boyer et al., 2005; Pan and Thomson, 2007) . They also bind to each other's promoters, and their own, forming a complex regulatory loop ( Figure 1B ). To date, the majority of regulatory information regarding these key genes has come from transcriptional or epigenetic studies; however, an equally important aspect of stem cell biology occurs post-transcriptionally Phanstiel et al., 2011) . For example, it is well established that mRNA levels do not necessarily reflect protein abundances and a number of mechanisms that function post-transcriptionally are key to pluripotency (Houbaviy et al., 2003; Lee et al., 2007; Judson et al., 2009; Xu et al., 2009) . In fact, forced expression of only a small set of miRNAs, together with histone deacetylase inhibitors, is sufficient to initiate reprogramming of somatic cells to the pluripotent state (Miyoshi et al., 2011) . Further, posttranslational modification (PTM) of proteins provides a dynamic and rapid means to modulate protein activity and transduce signals, both of which play key roles in maintaining pluripotency and inducing differentiation (Seuntjens et al., 2009; Chng et al., 2011) . Thus, although genomic and transcriptomic techniques are staple methods for the developmental biologist, the proteome represents an equally rich and informative experimental plane (Heck et al., 2007) .
Mass spectrometry (MS) is well suited to proteomic studies, because it is highly sensitive, it can be quantitative, and, unlike many antibody-based methods, it does not require a priori knowledge of protein targets. In a typical MS discovery experiment, proteins extracted from tissues or cell cultures are digested with one or more enzymes (e.g. Trypsin, Lys-C, etc.) to produce peptides. These peptides are separated to reduce sample complexity and interfaced to a mass spectrometer, often through an electrospray ionization source. Ionized peptides enter the mass spectrometer and are analyzed, based on both mass and charge (output as a mass to charge ratio (m/z)). Peptides of a particular m/z are isolated and fragmented to produce distinctive fragment ions from which their primary sequence, complete with PTMs, is inferred.
Many mass spectrometers offer a variety of peptide fragmentation methods for this purpose-each with benefits and drawbacks. Resonant excitation collision activated dissociation (CAD) is commonly used to dissociate peptides by inducing collisions with a bath gas (e.g. helium) (Figure 2 ). CAD is common in global proteomics experiments due to its short activation time and effectiveness in fragmenting a wide variety of peptides. However, CAD fragmentation is often biased toward more labile bonds and the major dissociation product of many PTMcontaining peptides is therefore the loss of a PTM, rather than sequence informative ion fragments. In contrast, electron-based dissociation methods (electron transfer dissociation (ETD) or electron capture dissociation (ECD)) are well suited for the characterization of PTMs and intact proteins as these methods use either radical anions (ETD) or free electrons (ECD) to induce random "soft" fragmentation ( Figure 2 ). This form of dissociation often leaves PTMs attached to the specific amino acid (Zubarev et al., 2000; Coon et al., 2004; Coon et al., 2005) . The advantages of soft fragmentation methods are accentuated when studying heavily modified peptides. For example, ETD and ECD have been used to characterize combinations of PTMs on histones in human embryonic stem (ES) and cancer cells (Garcia et al., 2007; Phanstiel et al., 2008) .
More recently, higher energy beam-type CAD, termed HCD, led to increased phosphopeptide identifications in both human ES and induced pluripotent stem (iPS) cells Phanstiel et al., 2011) . Unlike resonant excitation, HCD fragmentation is accomplished by accelerating analyte peptides into a higher pressure collision cell, usually filled with nitrogen ( Figure 2 ). Like CAD, HCD works for a wide variety of peptides, but is less hampered by the dominance of non-random PTM fragmentation, increasing the number of sequence-informative fragment ions. Also, HCD is not constrained by low mass cutoff, and is therefore, compatible with isobaric tag-based quantitation techniques. An increasingly common practice is to use multiple dissociation methods, in combination, to achieve increases in identification and/ or quantitative accuracy (Guo et al., 2008; Swaney et al., 2008; Phanstiel et al., 2009; Frese et al., 2011) . Thus, a number of options are available for tandem MS analysis and fragmentation can be tailored to address particular biological questions of interest.
One of the most critical, recent movements in modern proteomics has been the development and rapid advancement of hybrid mass spectrometers. A key, defining feature of these mass spectrometers is the inclusion of two or more mass analyzers, which are the physical components that separate analytes based on mass and charge. Whereas some mass analyzers excel at isolation and fragmentation of peptide precursors (i.e. quadrupole mass filters and ion traps), others offer superior mass accuracy and resolution (i.e. time-offlight, fourier transform ion cyclotron resonance, and orbitrap mass analyzers) (Glish and Burinsky, 2008) . Hybrid mass spectrometers combine different types of mass analyzers to harness the unique benefits of each, which has drastically enhanced the ability to detect and quantify proteins and post-translational modifications in complex biological mixtures (Shevchenko et al., 2000; Makarov et al., 2006; Glish and Burinsky, 2008) . For example, in 2001 Yates and co-workers identified approximately 22% of known and predicted yeast ORFs (1,484 proteins) in an early demonstration of a large-scale proteomics workflow (Washburn et al., 2001) . However, using hybrid instruments just seven years later, Mann and co-workers identified nearly all yeast proteins known to be expressed (66% of known or predicted ORFs corresponding to 4399 proteins) (de Godoy et al., 2008) . This illustrates the power of MS instrumentationadvances in proteomics.
In addition to improved instrumentation, several quantitation methods are available, providing flexible solutions for a wide range of experimental conditions ( Figure 3 ). Label-free methods allow quantitation across many samples and do not require additional steps during sample preparation; however, care must be taken when comparing results between samples since it is difficult to perfectly replicate chromatographic conditions, ionization efficiency, and sampling between runs (Wang et al., 2003; Liu et al., 2004) . Metabolic labeling, in which stable isotopes are introduced via media or diet, can be used to quantify differences between two or three different samples in a single run (Ong et al., 2002) . For example, stable isotope labeling with amino acids in cell culture (SILAC) is a well-established form of this technique (reviewed (Ong et al., 2003; Pimienta et al., 2009)) . A key advantage of metabolic labeling is that samples can be mixed prior to preparation, which reduces variation from sample processing and decreases instrument analysis time. On the other hand, chemical labeling strategies such as isobaric tags for relative and absolute quantitation (iTRAQ) and tandem mass tags (TMT) allow for up to eight sample comparisons, further increasing throughput (Thompson et al., 2003; Ross et al., 2004; Choe et al., 2007) . Like metabolic labeling, this approach has been used to quantify thousands of proteins and PTMs ; however isobaric labeling is compatible with a number of model systems that are difficult or impossible to metabolically label (i.e. tissue and biofilms). A different approach altogether, selected reaction monitoring (SRM), targets specific proteins and fragment ions to achieve highly accurate quantitation (Gerber et al., 2003; Gerber et al., 2007) . While the aforementioned tactics are largely used for relative quantitation, SRM can be used to determine absolute protein amount. Still, this targeted approach currently has much lower throughput than other quantitation methods. Each quantitative method has advantages and limitations ( Figure 3) ; however, quantitative MS is an enabling approach that is garnering increasing attention in the literature ( Figure 4A ).
To accommodate the complex data generated by these technological improvements, a number of software packages have emerged, many of which are freely available. The Trans-Proteomic Pipeline is a flexible software resource that can process data from a number of instrument formats (Keller and Shteynberg, 2011) . For more specific needs, Cox et al. developed the MaxQuant platform for high resolution MS data analysis . Incorporated into the program are tools for analyzing quantitative SILAC data and more recently, Andromeda, a peptide search engine that is compatible with MaxQuant (Cox et al., 2011) . Our own lab recently unveiled COMPASS, a modular software suite developed around the Open Mass Spectrometry Search Algorithm. COMPASS facilitates database searching, spectral reduction, estimation of false discovery rates, and large-scale quantitation through isobaric tagging . Together, these tools and many others have greatly facilitated data processing and proteomic analysis. Advances in peptide fragmentation, quantitation, instrumentation, and software have propelled MS-based proteomic research over the past ten years.
Stem cell research is an exciting and exceedingly relevant field, both for medicine and basic science. Mass spectrometry is a highly technical and equally powerful analytical tool. Combining these disciplines has become increasingly popular and, as shown in Figure  4B , publication trends that span both fields continue to rise. Here we review recent literature that lies at the intersection of pluripotent stem cell research and mass Critical Reviews in Biochemistry and Molecular Biology Downloaded from informahealthcare.com by Stanford University on 08/05/15
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spectrometry to provide perspective on these multidisciplinary efforts.
The proteome of pluripotent cells
Although key functional properties of pluripotent cells, such as developmental potential and self-renewal, are readily appreciated, the mechanisms that establish and maintain these properties are considerably more complex. As a result, a number of large-scale studies aimed to define the pluripotent landscape, including the ES cell proteome (Nagano et al., 2005; Van Hoof et al., 2006; Schulz et al., 2007) . Early MS work by Nagano and colleagues benchmarked nearly 1800 proteins in mouse ES 1 scans. The difference between extracted ion chromatograms for peaks corresponding to heavy and light samples is proportional to the relative abundance of each. (C) Isobaric labeling strategies, such as TMT and iTRAQ, are capable of comparing up to six or eight samples in a single run depending on the method. Like metabolic labeling, samples are combined during protein preparation. Labeled peptides from different samples within the mixture have the same nominal mass and co-elute with reversed-phase chromatography. Peptide fragmentation during tandem mass spectrometry produces both sequence ions for peptide identification and reporter tags for quantitation. (D) Quantitation via single reaction monitoring (SRM) is capable of absolute quantitation and is often performed on triple quadruple mass spectrometers. Peptides from samples are mixed with a chemically synthesized heavy peptide that serves as a quantitation standard. Because the exact amount of this standard is known, absolute quantitation is possible through this method. Figure panels adapted from (Gerber et al., 2007) and (Ross et al., 2004) . cells that were representative of a wide range of cellular compartments, functional categories, and expression levels (Nagano et al., 2005) . Van Hoof et al. similarly identified 1871 proteins in mouse ES cells but also expanded their study to cover the human ES cell-proteome at a depth of 1775 proteins (Van Hoof et al., 2006) . After subtracting proteins identified in differentiated cells, the authors intersected mouse and human datasets to compile a list of 191 orthologs that were ES cell-specific in both species. This set of proteins included many transcription factors with well-established roles in pluripotency, but also contained many proteins of unknown function, which, the authors argue, are good candidates for further study in the context of ES cell biology.
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In more recent years, the advent of hybrid mass spectrometers has improved shotgun proteomics analyses by coupling, for example, highly sensitive linear ion traps to Fourier transform mass analyzers with superior resolution and mass accuracy. The result is higher confidence peptide identification that provides far deeper proteomic coverage on a similar time scale. Recently, Graumann et al. achieved sub-ppm mass accuracy using a linear ion trap-orbitrap hybrid instrument, resulting in over 5100 protein identifications in mouse ES cells (Graumann et al., 2008) . Gene enrichment analysis suggested an over-representation of proteins associated with proliferation, which is consistent with the rapid cycling times typical of pluripotent cells (Becker et al., 2007) . This study also adapts SILAC for ES cell culture, permitting quantitative analysis through metabolic labeling; however, it is used here to distinguish peptide peaks from noise peaks, rather than comparing different cell states. Phanstiel and colleagues used similar instrumentation with multiple dissociation techniques to identify nearly 7000 proteins in human ES and iPS cells . To date, this is the largest compendium of pluripotent proteins available and points to the remarkable similarity of these cell types (vide infra).
A major advantage of mass spectrometry-based proteomics is the capacity to identify post-translational modifications (Grimsrud et al., 2010) . For instance, tools for enriching and detecting phosphorylation are now well developed, and several studies have explored this PTM in both mouse and human pluripotent cells (Brill et al., 2009; Swaney et al., 2009; Van Hoof et al., 2009; Li et al., 2011; Phanstiel et al., 2011) . In particular, Swaney et al. presented data of interest to both the stem cell and proteomics community. Almost 11,000 unique phosphorylation sites were identified using a combination of resonant excitation CAD and ETD (Swaney et al., 2009) . One noteworthy observation was the relationship between dissociation technique and phosphopeptide localization. ETD cleaved more frequently in the six amino acids surrounding phospho-serine and phospho-threonine, improving the chances of localizing that phosphorylation to a single amino acid. CAD, on the other hand, performed slightly better than ETD for tyrosine phosphorylation. Consistent with previous work, this suggests that ETD and CAD are complementary for phosphorylation analysis (Good et al., 2007) , although overall, ETD identified many more phosphopeptides in partial tryptic digests (8087 for ETD compared to 3868 for CAD). Finally, 16 previously unknown phosphorylation motifs were reported in this work based on MotifX, a de novo motif-generating program (Schwartz and Gygi, 2005) . Still other experiments have focused on key portions of the proteome (e.g. plasma membrane proteins and the secretome) and have been thoroughly reviewed elsewhere Dormeyer et al., 2008; Van Hoof et al., 2008; Skalnikova et al., 2011) . Discovery experiments like these have identified key components of the pluripotent proteome and have laid the groundwork for future, directed research.
Comparative analyses
The development of quantitative proteomics has vastly increased the experimental repertoire available through mass spectrometry. Comparing between cell states, treatments, and differentiation time points is particularly informative in stem cell biology, and a number of studies have applied MS technology to this end. Histone analysis is one highly relevant area where mass spectrometry has a distinct advantage, since it can distinguish multiple post-translational modifications on a single molecule. One study identified and tracked 74 different histone H4 isoforms as human ES cells differentiate . Using label-free quantitation, the authors show that global H4 acetylation rapidly decreases as ES cells differentiate, suggesting a move to a less transcriptionally permissive chromatin structure. Consistent with this is a concordant increase in H4K20 methylation, another mark characteristic of repressive chromatin. Together, these observations provide evidence at the protein level to support a concept suggested through genomic technologies: ES cells maintain more open, accessible chromatin relative to differentiated cells (Meshorer and Misteli, 2006; Brumbaugh et al., 2008) . Interestingly, methylation of H4 appears to be sequential and concerted since methylation of other residues was never observed in the absence of di-methylated K20. This work establishes an epigenetic profile for human ES cells, and shows the utility of quantitative MS in tracking changes during differentiation.
Comparative MS approaches are equally valuable on the large-scale. Van Hoof et al. used multi-plexed SILAC samples to monitor protein and phosphorylation changes induced by BMP4-treatment in human ES cells (Van Hoof et al., 2009 ). This work suggests that differentiation works rapidly through signaling networks since approximately 50% of quantified phosphorylation sites were differentially regulated within one hour of BMP4 addition. Overall, phosphorylation levels increased as cells differentiated, suggesting that kinases are activated in response to bone morphogenetic protein 4 (BMP4). This effect appears to be transient, however, since no phosphorylation sites were differentially regulated after four hours of treatment, and the largest changes were observed within the first hour. Early in the time course, developmental signaling molecules, SMAD5 and SMAD8, accumulated activating phosphorylation marks on residues S465 and S467, respectively. This is consistent with the differentiation regime inflicted by bone morphogenetic protein (Pera et al., 2004) . Finally, the authors relate an interesting vignette that directly addresses the biological relevance of three SOX2 phosphorylation sites identified in the work. Mutational analysis of S249-S251 showed that phosphorylation of these sites is required for SUMOylation of SOX2. Although the direct functional relevance of the identified SUMOylation is not clear, this modification was previously shown to decrease the capacity for SOX2 to bind DNA and may point to a more general regulatory mechanism (Meshorer and Misteli, 2006) . Given the relevance of SOX2 in pluripotency, this example illustrates one way that proteomics and biology combine to uncover specific regulatory events relevant to stem cell function.
Rigbolt and colleagues recently used a similar approach to compare and contrast differentiation induced by (1) phorbol myristate acetate (PMA) treatment and (2) culture in unconditioned media (Rigbolt et al., 2011) . Provided in the analysis are novel statistical methods to group proteins and phosphorylation sites based on their dynamics during the treatment time course. Consistent with Van Hoof et al., roughly 50% of phosphorylation sites were differentially regulated. Notably, the vast majority of these changes were treatment specific, although phosphorylation on several known pluripotent regulators, for example UTF1, exhibited corresponding profiles in both treatments. Stoichiometry is another important consideration when interpreting phosphorylation changes.
For example, if a given phosphorylation site increases five-fold during differentiation, it is tempting to presume that the event is significant; however, if the total protein abundance also increases five-fold, the increased phosphorylation abundance may simply correlate with increased protein. In this study, the authors note that the overall change in abundances was 45% and 19% greater for phosphorylation than protein after treatment with PMA and unconditioned media respectively.
In addition to providing valuable comparisons between cell types and treatments, quantitative analyses expand the coverage of the pluripotent proteome. The data represent a rich resource that can be further processed to explore biological relevance.
Protein interaction profiling: Oct4, Nanog, Sox2
A number of studies have applied mass spectrometry to resolve more specific biological questions. One wellestablished example is protein interaction profiling, which generally involves pulling down a protein of interest under native conditions, followed by MS to identify co-precipitated binding partners. These partners are validated, for example, through reciprocal pulldown and further studied to determine their biological relevance. This kind of targeted experiment is particularly well-suited to characterize key proteins, including OCT4, SOX2, and NANOG, that establish and maintain pluripotency and self-renewal (Boyer et al., 2005; Takahashi and Yamanaka, 2006; Pan and Thomson, 2007; Takahashi et al., 2007; Yu et al., 2007; Kim et al., 2008; Yu et al., 2009) .
A Nanog-centered interaction network was first described by Wang et al. in mouse ES cells (Wang et al., 2006) . The authors use both single-and dual-capture affinity purification, followed by tandem MS to isolate an initial set of 18 binding partners. Included in this set are numerous transcription factors and proteins with known roles in pluripotency, including Sall1, Sall4, and Oct4 (Pou5f1); however, a number of other proteins were identified that had not previously been explored in the context of pluripotency. Two of these, Zfp281 and Nac1, were selected for shRNA-mediated knockdown to determine whether they play a role in maintaining pluripotency. Quantitative RT-PCR showed that downregulation of Zfp281 led to a dramatic increase in primitive endoderm markers Gata6 and Gata4, while Nac1 downregulation correlated with an increase in neuroectoderm marker Isl1. Thus, protein interaction profiling identified factors with putative functional roles in early development. To extend the protein interaction network beyond Nanog, the authors iteratively tagged selected binding partners for further profiling. The resulting "interactome" consisted of nearly 40 proteins that were largely enriched for nuclear factors that are co-regulated during differentiation ( Figure 5A ). Also conspicuous in this analysis were epigenetic regulators including Hdac2 and several polycomb group proteins. In a separate publication, the same Critical Reviews in Biochemistry and Molecular Biology Downloaded from informahealthcare.com by Stanford University on 08/05/15
lab performed similar analysis to build a Myc-centered interaction network . Based on interaction profiling, the work separates three fundamental programs at work in pluripotent cells: a Myc-centered core, an epigenetic core, and a pluripotent core. The authors argue that these cores are modular since constituent proteins are co-expressed under various conditions and knockdown of proteins in one core does not necessarily impact proteins in another core. This information is pertinent to stem cell biology because it helps to categorize proteins into functional groups. Further, the protein cores can be used as an analytical tool to help determine cell state.
Recent back-to-back publications defined protein interactions associated with Oct4 (Pou5f1) (Pardo et al., 2010; van den Berg et al., 2010) . Pardo et al. identified 92 Oct4 binding partners and importantly, performed experiments in biological triplicate. Many of these proteins shared expression profiles that matched Oct4 during differentiation. Closer inspection of the dataset revealed that five of the 92 partners were required for self-renewal, nine had a known role in pluripotency or self-renewal and 83% of the binding partners that had been knocked out during development were embryonic or peri-natal lethal. This shows the clear connection between Oct4-interacting proteins and development. Van den Berg et al. similarly identified 166 Oct4-interacting proteins, many of which overlapped with the analyses from Pardo et al. and Wang et al. (Wang et al., 2006; Pardo et al., 2010; van den Berg et al., 2010) . The authors attribute increased identifications to higher sensitivity detection with improved methods for affinity purification. A major portion of Oct4-interacting proteins in this study was related to chromatin modification and epigenetic regulation. For example, every component of the NuRD complex was identified as Oct4-associated.
Sox2 is particularly difficult to analyze at the protein level because it is highly homologous and often coexpressed with a number of other Sox-family proteins. Mallanna and colleagues tackled this problem by establishing a stable mouse ES cell line harboring an ectopic, doxycycline-inducible version of Flag-tagged Sox2 (Mallanna et al., 2010) . Overexpression of this construct served two purposes: (1) it was readily purified with high (Wang et al., 2006) . (B) String database was used to collate proteins that interact with OCT4, SOX2, and NANOG. Large-scale proteomic and transcriptomic data was then applied to these proteins to compare gene expression profiles.
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For personal use only. specificity and (2) forced expression of Sox2 induced differentiation, allowing the authors to track binding partners as ES cells exit the pluripotent state. Using MS analysis with spectral counting, over sixty proteins were categorized as Sox2 binding partners, including known chromatin modifiers and several developmentally related transcription factors. One protein, Sox21, increased greatly during differentiation, and its overexpression was subsequently shown to induce development to mesoderm and neuroectoderm lineages. The authors conclude that Sox21 antagonizes Sox2 function to achieve this result.
Together, these data show the value of protein interaction profiling for ES cell-related proteins. Several common themes are apparent from Sox2, Nanog, and Oct4 studies. First, each of these factors interacts with known epigenetic regulators like polycomb group proteins (Wang et al., 2006; Mallanna et al., 2010; Pardo et al., 2010; van den Berg et al., 2010) . The redundancy of these interactions reinforces the concept that DNA methylation and histone modification are tightly linked to stem cell maintenance and development. Also, there is significant overlap between proteins identified in the experiments described above. For example, roughly 20% of Sox2 binding partners were also present in either Nanog or Oct4 pulldown experiments (Mallanna et al., 2010) . This confirms at the protein level, a thesis that has garnered great attention at the transcriptional level: proteins important to pluripotency form a tightly-woven, interdependent network and function together to maintain the stem cell state.
Another way to apply MS analysis to study associated proteins is through protein interaction databases, such as the STRING database (Snel et al., 2000) . Using existing empirical and computational data, proteomic data can be applied across entire networks to quantitatively monitor expression and modification of groups of proteins ( Figure  5B ). Here, large-scale data from different platforms can be layered onto protein networks to provide a systemslevel view of protein interaction ).
Proteomics in systems-level analyses
The delicate balance between pluripotency and differentiation is determined by concerted and often inter-dependent regulation of transcripts, proteins, and PTMs. A full appreciation for this system requires multiple approaches. To this end, a handful of studies have paired proteomics with complementary genomic and transcriptomic techniques. Comparing between platforms presents a unique challenge since data outputs are rarely, if ever, directly comparable. As a result, most studies establish fold-differences between experimental conditions or normalize to a median quantitative value for comparisons at each regulatory level (Lu et al., 2009; Phanstiel et al., 2011) .
Lu and colleagues used this approach, combining ChIP-chip, microarray technology, and quantitative mass spectrometry to study differentiation induced by Nanog depletion in mouse ES cells (Lu et al., 2009) . On the protein level, the multiplexing capacity of isobaric labeling enabled the authors to examine four time points and identify hundreds of proteins that change in response to differentiation. Using these changes as a training set, the authors go on to categorize genes based on regulatory processes by comparing the protein data to epigenetic marks, Pol II occupancy on 3′ exons, and transcript abundances. For example, Nanog depletion did not appreciably alter Pol II occupancy on Esrrb; however, both mRNA and protein levels significantly decreased for this gene during differentiation. This suggests that Esrrb is actively transcribed under these conditions, but differentiation induces potent regulation at the transcript level and a subsequent decrease in protein abundance. Although more direct evidence is required to prove this hypothesis, these kinds of analyses show the power of large-scale proteomics in systems-analyses.
More recent work expanded to cover the transcriptome, proteome, and phosphoproteome in a largescale comparison of human ES, iPS, and fibroblast cells . In this study, Phanstiel and coworkers compiled 7952 proteins and 10,499 phosphorylation sites, including quantitative data for key regulators of pluripotency, OCT4 (POU5F1) and SOX2. Leveraging eight-plex iTRAQ, four iPS cell and four ES cell lines were examined in biological triplicate, which provided the statistical power needed for a comparison of these highly similar cell types. A key point is that this study covered multiple different cell lines as a number of studies have noted variation between both ES and iPS lines (Bock et al., 2011; Lister et al., 2011) . Although ES and iPS cells were remarkably similar at each tier of regulation, gene enrichment analysis identified statistically significant differences that were consistent at the transcript, protein, and PTM level. Further analysis showed that these differences are related to functional properties characteristic of the fibroblast cells from which the iPS cells are derived. This supports the notion that iPS cells bear residual regulation from their somatic origins .
Combining phosphorylation analysis with transcript and protein data enabled the authors to tease out further regulatory mechanisms at work in pluripotent cells. For example, phosphorylation of substrates associated with a number of kinases was higher in pluripotent cells relative to fibroblast cells, even though transcript and protein abundances for the kinases were constant . This observation suggests that the activity of these kinases is controlled largely through post-transcriptional regulation rather than expression levels. Global phosphorylation analysis confirmed this model for CDK2 by showing that its activating mark, phosphothreonine-160, was increased nearly six fold in pluripotent lines. Conversely, phosphorylation by kinases like PKC and PKA may be more dependent upon expression levels since protein abundances correlate closely with substrate phosphorylation. In these ways, Critical Reviews in Biochemistry and Molecular Biology Downloaded from informahealthcare.com by Stanford University on 08/05/15
proteomics plays a key role in systems-level analyses, helping to clarify regulation in stem cells.
Data sharing
To truly make an impact in the field, researchers must share large-scale data for application to any biological question. A number of websites are commonly used to store proteomics data and Figure 6A lists information for several of the more established databases (Desiere et al., 2005; Martens et al., 2005; Falkner et al., 2006; Gnad et al., 2007; Mathivanan et al., 2008) . In addition, several studies reviewed here have established proteomic resources devoted to stem cell biology. Lu et al. provide a website that displays their quantitative data as heatmaps (http:// amp.pharm.mssm.edu/ronglu) (Lu et al., 2009) . Time course data from these experiments can be viewed as a movie so that protein dynamics are easily visualized. Also included are transcriptomic and epigenetic data for comparison. Our own lab has created a dedicated repository for large-scale data, called the Stem Cell-Omics Repository (SCOR; Figure 6B ) http://coongroup.chem. wisc.edu/scor) . The website is open-access, and allows the user to make queries based upon protein name, gene name, or any protein identifier present in the IPI protein description. A key feature of SCOR is the ability to visualize quantitative information for transcripts, proteins, and PTMs from numerous sources, including large-scale analyses from multiple labs. To ensure that SCOR remains relevant, it is now possible to submit published data for inclusion on the website. We expect these types of resources to enable and expand the field.
Conclusion and outlook
The fields of proteomics and stem cell biology have rapidly evolved over the past ten years. Initial studies benchmarked stem cell proteomes, identifying proteins enriched in pluripotent cells. Meanwhile, improvements to large-scale quantitation have enabled comparative analyses between cell types. More recent experiments have tackled more specific biological questions and incorporated genomic techniques for systems-level analysis.
The accumulating body of work that incorporates proteomic techniques and stem cell biology speaks to the power and potential of this interdisciplinary work ( Figure 4B ). Looking to the future, a key challenge will be integrating these rapidly evolving and technically demanding fields to answer relevant biological questions. The experiments outlined here and elsewhere provide important information; however, generating a list of proteins is not a sufficient endpoint for a project, and follow-up experiments are, of course, required. In addition, the interdisciplinary nature of this work can be daunting, forcing scientists out of traditional comfort zones and into other areas of expertise. Initiatives like the Proteome Biology of Stem Cells Consortium help greatly in this regard and provide a crucial forum for scientists interested in both topics (Heck et al., 2007) . Still, it will ultimately fall to collaborating researchers to adapt both biological and analytical technology to the greatest effect.
